Focusing and separation of particles such as cells at a high throughput are extremely attractive for biomedical applications. Particle manipulation based on inertial effects requires a high flow speed, and thus suits well to high-throughput applications. Recently, inertial focusing and separation using curvilinear microchannels have been attracting a great interest due to the linear structure for parallelization, small device footprint, superior particle focusing performance and easy implementation of particle separation. However, the curvature direction of these microchannels is alternating, leading to the variation in both the magnitude and direction of the induced secondary flow. The accumulation of this variation along the channel causes unpredictable behaviour of particles. This paper systematically investigates the inertial focusing phenomenon in low-aspect-ratio symmetric sinusoidal channels. First, we comprehensively studied the effects of parameters such as viscosity, flow condition, particle size, and geometric dimension of microchannel on differential particle focusing. We found that particle inertial focusing is generally independent of fluid kinematic viscosity, but highly dependent on particle size, flow condition and channel dimension. Next, we derived an explicit scaling factor and included all four dimensionless parameters (particle blockage ratio, curvature ratio and Dean number, and channel aspect ratio) in a single operational map to illustrate the particle focusing patterns. Finally, we proposed a rational guideline to intuitively instruct the design of channel dimensions for separation of a given particle mixture.
Introduction
Continuous focusing and separation of microparticles are indispensable for a wide range of biomedical applications. In terms of microparticle manipulation, microfluidic technology with characteristic channel dimension on the order of tens to hundreds of micrometres provides superior advantages over conventional large-scale platforms [1] [2] [3] [4] [5] [6] [7] [8] . Among a variety of available microfluidic separation technologies, focusing and separation of microparticles based on hydrodynamic inertial effects are extremely attractive for high-throughput applications due to its simplicity, precision, robustness and high flow rate on the order of millilitres per minute [8] [9] [10] . The high throughput is especially beneficial for large-volume sample processing and isolation of bioparticles with low abundance such as circulating tumour cells (CTCs) 11 .
To date, focusing and separation of microparticles using inertial microfluidics have demonstrated a range of successful biomedical applications such as extraction of blood plasma 12 , separation of particles and cells 13, 14 , solution exchange 15, 16 , cell enrichment 17 , isolation of CTCs [18] [19] [20] , detection of malaria pathogen 21 , microfiber fabrication 22 , cell cycle synchronization 23 , cell encapsulation 24 and single cell stretching 25 . Accurate prediction of fluid and microparticle motion in the suitably structured microchannels is essential for the success of the above applications. However, the determination of microparticle behaviours and the optimisation of microchannel geometry were all based on the time-consuming and laborious experimental trials, and only for a specific particle mixture. The lack of a practical design guide delays the design and testing stage, inhibiting further applications of inertial microfluidics.
Recently, inertial microfluidics based on curvilinear channel design has been attracting increasing interests due to its promising potential in parallelization, superior particle focusing performance and easy implementation of particle separation. Wang and Dandy 26 developed a microfluidic system with asymmetric curvilinear channels with an aspect ratio or height to width ratio of H/W=1/2 to focus and concentrate sub-micrometre particles. Successful focusing of sub-micrometre particles and cyanobacteria demonstrated the suitability of inertial microfluidics for manipulating bacteria and subcellular organelles. Zhou et al. 27 successfully demonstrated the separation of MCF-7 cancer cells from diluted whole blood in a serial reverse wavy microchannel. Meanwhile, fundamental works exploring inertial focusing phenomenon in curvilinear channels have also been reported. Di Carlo et al. 28 have conducted pioneering works on investigation of alternating curvatures on inertial migration of particles in curvilinear channels. In their study, the four equilibrium positions in a straight channel with a square cross-section were reduced to two positions in a symmetric sinusoidal channel. These focusing positions could further reduce to a single position using asymmetric curvatures. They proposed for the first time the scaling ratio of inertial lift force to Dean drag FL/FD~2ra 2 /Dh 3 , by assuming that the shear gradient lift balances Dean drag. Besides, a state diagram of particle focusing in curved channels was developed as a function of force ratio and channel Reynolds number, which could serve as design criteria for the focusing of potentially arbitrary-sized particles 29 . Although this map provides a general trend on the particle focusing state, the boundary and region of each state is not clear, thus it is not easy to design channels for particle separation based on the map. One possible reason is that the expression of shear gradient lift force was derived from the square channels. However, in asymmetric serpentine channels, the cross section varies along the curvatures, causing errors between theoretical analysis and experimental results. Particle filtration and separation could also be achieved by tailoring the force ratio of FL/FD for different particles, where FL/FD ≥ 1 for a particle of a given size and FL/FD < 1 for a particle of another size. For FL/FD ≥ 1, inertial lift forces that push particles to an equilibrium position dominate, while for FL/FD < 1, Dean drag is dominant and leads to mixing of particles 30 . Our previous works 31, 32 demonstrated that both two-position and single-position focusing patterns could occur in symmetric serpentine microchannels with a low aspect ratio. We further demonstrated the complete separation of particles and biological cells using differential focusing positions 33, 34 .
Due to their linear nature, serpentine channels can be easily parallelized to amplify the whole throughput in a small footprint 31 . The above preliminary results indicate that symmetric curvilinear channels are promising candidates for the separation and enrichment of various bioparticles.
However, there are still critical challenges to be addressed to pave the way for wide applications of curvilinear channels for filtration and separation of bioparticles. The challenges include: (i) the unknown influence of channel geometry and size on particle inertial focusing; (ii) the unknown role of the fluid viscosity on inertial focusing; (iii) the lack of suitable metric for predicting focusing location of particles in the curvilinear microchannels; and (iv) the lack of a practical guide on microchannel design for sorting a specific particle mixture. Therefore, our present work aims to systematically investigate the effects of particle size relative to channel size, channel geometry, fluid viscosity and flow condition on particle inertial focusing. By examining the influences of fluid kinematic viscosity and four dimensionless parameters (particle blockage ratio, curvature ratio, Dean number and channel aspect ratio), we found that particle inertial focusing is independent of fluid kinematic viscosity but highly related to particle size relative to channel size, channel geometry, channel aspect ratio and flow condition. Furthermore, we derived a scaling parameter based on the four dimensionless parameters and generalised our experimental data in a single operational map for the different regimes of particle focusing in symmetric sinusoidal microchannels. Finally, we proposed for the first time a rational design guide of sinusoidal microchannels for separation of a given particle mixture.
Theory

Inertial migration
Inertial migration is a phenomenon where randomly dispersed particles at the entrance of a channel migrate laterally to several cross-sectional equilibrium positions after a long enough passage 35, 36 for a rectangular channel with W and H the width and height of the cross-section. Particle inertial migration in a straight channel is widely recognized as the counteraction of two inertial forces: the shear gradient lift force FLS and the wall lift force FLW. The shear gradient lift force FLS originates from the parabolic flow velocity profile and its interaction with the finite particle size, directing toward the channel wall. The wall lift force FLW arises from the asymmetric vortices around the particles when they approach the channel wall, pointing toward channel centerline. Assuming that the particle is much smaller than the channel dimension, the net inertial lift force FL is expressed as 8, 37 :
where a is the particle diameter, fL is the dimensionless coefficient of the inertial lift force, which is a function of the particle cross-sectional position, particle size and Reynolds number 8 .
Dean flow
In a curved channel, fluid momentum mismatch in the centre and near-wall region within the curvature generates a pressure gradient along the radial direction. Fluid near the channel centerline flows outwards due to the higher momentum and pushes the relatively stagnant fluid near the wall inwards along the circumference leading to two counter-rotating vortices, also called Dean vortices 8 . The magnitude of the rotational flow velocity scales as 28 :
where ν is the kinematic viscosity of the fluid, ν=µ/ρ. The Dean number De is defined as a function of the hydraulic diameter, the radius of the channel curvature R and the Reynolds number Re 38 :
Assuming the Stokes law and that the particle is kept in a stationary cross-sectional position, the magnitude of the Dean drag force FD scales as 13 :
Coupling of inertial lift forces and Dean drag force
The coupling of inertial lift forces and Dean drag force in a curved channel could be used to modify inertial focusing and the equilibrium position of the particles 28 . The relative ratio between the inertial lift force and the Dean drag force is 8 :
Furthermore, the recent work of Zhou and Papautsky 39 suggested the relationship L~1 √Re ( ℎ a ) 2 , therefore:
Here, the dimensionless number δ is an indicator for the ratio between the inertial lift force FL and the Dean drag force FD. This number depends on the channel curvature ratio (Dh/2R), the Dean number (De) and the particle blockage ratio (a/Dh) or the relative size of particle to channel. Ideally, the value of δ should directly correspond to the regime of particle focusing in curved microchannels. However, the exact threshold for different focusing patterns is still unknown to date. It is still unclear whether its value is universal and independent of channel geometric parameter, flow parameter or particle dimension. For simplicity, our present work only focuses on symmetric sinusoidal microchannels, so that the channel cross-section and curvature radius remain unchanged for each channel. We will explore the effects of dimensionless parameters -channel curvature ratio (Dh/2R), Dean Number (De), particle blockage ratio (a/Dh) and aspect ratio (H/W) on particle differential focusing patterns. We will propose an operational map which explicitly relates these dimensionless parameters to the differential focusing patterns of particles.
Results and discussion
Effect of Dean number De
Low-aspect-ratio microchannels are commonly used in microfluidics because the relatively wide and shallow channels can be easily fabricated. The features of the microchannels remain intact during the de-moulding process. The present work investigates inertial focusing in symmetric sinusoidal microchannels with a low aspect ratio (H/W ≤ 1/2), Figure 1 (a).
We introduced a solution with 15-μm particles into one typical sinusoidal microchannel (W=200 µm, H=50 µm, R=250 µm) with a flow rate ranging from 200 μl/min to 2,000 μl/min, with corresponding Dean number ranging from 10.7 to 107. The particle trajectories at the end of the serpentine channels were captured using a high-speed camera. The particle position and occurrence frequency along the channel width were analysed and plotted in a colour-coded map, Figure 1 
Effect of particle blockage ratio a/Dh
Particle size relative to the channel size is a critical parameter for successfully focusing particles in microchannels. The particle blockage ratio a/Dh is the size ratio of the particle and the microchannel. We investigated the influence of particle blockage ratio a/Dh on the different focusing patterns. Five sets of polystyrene beads (5 μm, 10 μm, 13 μm, 15 μm, and 20 μm in diameter) were tested with flow rates from 200 μl/min to 2,000 μl/min in three symmetric sinusoidal microchannels. The focusing characteristics under different Dean numbers De were plotted as colour-coded maps in Figures 2(a)-(c) . In general, the particle inertial focusing patterns and their evolution for different particle dimensions are similar. The two-position focused streaks shift inward to the centreline and merge into a single focused streak for a particular Dean number range. As the Dean number further increases, the single focused streak scatters into a more complicated pattern. However, there are obvious differences between particles of different sizes. The focusing regimes are determined by a critical Dean number (Dec), at which the initial two-position pattern starts to morph into the single-position pattern. The critical Dean number (Dec) is defined as the lowest value of the Dean number, where two focused branches merge into a single but relatively wide band of particles, which is the transition region between the two-position pattern and single-position pattern. Figure 2(d) shows that the larger the particle blockage ratio, the lower is the critical Dean number Dec for the transition. However, this relationship seems to contradict with the scaling relationship of equation (6), if the value of δ is assumed to be constant for the occurrence of the transition region. According to equation (6), δ ~ (a/Dh)/De 1/2 , a larger particle blockage ratio requires a higher Dean number De to keep δ constant. This contradiction implies that the value of δ is highly dependent on particle blockage ratio for different focusing patterns, which will be verified later.
Examining the lateral distribution of particles with different particle blockage ratios more closely indicates that the width of the focused streaks of small particles is wider than that of large particles for the same De. For example, the streak width of small particles of a/Dh=0.0625 is about 8 times of the particle diameter for De ranging from 10 to 35, but it is only about 1 to 2 times the diameter of larger particles of a/Dh=0.125, 0.1625 and 0.25, Figure 2 (a). Furthermore, the lateral positions of the focused streaks are statistically closer to the channel centreline for larger particles than the smaller ones at the same De, enabling possible particle separation by differential lateral positions. Moreover, the De range for twoposition pattern shrinks with increasing particle size. In contrast, the De range for singleposition pattern expands with increasing particle size.
We also investigated the effects of medium on particle inertial focusing in symmetric serpentine channels. The critical Dean number Dec is generally independent of kinematic viscosity of the medium when the glycerol volume ratio is low (≤ 20%), and more complex phenomenon appear for glycerol volume ratio ≥ 30%, Figure S2 . which is a transition region to single-position focused pattern.
Influence of channel curvature ratio Dh/2R
The channel curvature ratio (Dh/2R) is a geometric parameter that considers the size of channel cross-section and channel curvature. The larger the curvature ratio, the stronger is the secondary flow for the same Reynolds number Re. In our experiments, the particle blockage ratio (a/Dh) was kept constant. The colour-coded maps of inertial focusing patterns with increasing channel curvature ratios (Dh/2R) for three sets of particle blockage ratios are depicted in Figures 3(a)-(c) . The critical Dean number Dec decreases with increasing curvature ratio (Dh/2R). Furthermore, the experimental data indicate a linear relationship between the critical Dean number Dec and the channel curvature ratio Dh/2R, Figure 3(d) .
This linear relationship agrees qualitatively well with the scaling relationship of equation (6),
where δ~1/[De 1/2 (Dh/2R) 3/4 ], by taking in consideration of the particle size deviation and the fabrication error of the microchannels. 
Effect of channel aspect ratio H/W
The channel cross-sectional shape affects the distribution of the secondary flow, and thus alters the particle focusing distribution and pattern. Based on the scaling relationship of (6), the influence of the aspect ratio H/W on the force ratio FL/FD is implicitly reflected in the term of channel hydrodynamic diameter Dh=2WH/(W+H). Here, we investigated the common rectangular cross-sectional shape. By keeping either width or height constant, and changing the other one, we investigated the influence of the channel cross-sectional shape on particle inertial focusing in symmetric sinusoidal microchannels. Figure 4 shows that increasing the channel width delays the transition from two-position focusing pattern to single-position focusing pattern, leading to a higher critical Dean number Dec, Figures 4(a) and (c). In contrast, increasing the channel height can bring this transition forward, lowering the critical Dean number Dec, Figures 4(b) and (d) . The aspect ratio, which is defined as the ratio of the channel height H to the channel width W, was used to describe the cross-sectional shape of the microchannel. Obviously , Figures 4(c) and (d) show that increasing the channel aspect ratio (H/W) consistently decreases the critical Dean number Dec. A lower Dec is required for the higher aspect ratio channel to achieve the same single-position focusing.
Even though a lower De represents a smaller secondary flow velocity, the secondary flow that contributes to single-position focusing is sufficiently strong in high aspect-ratio channels. 
Differential focusing operational map
Based on Figure 3 , we calculated the δ value for three particle blockage ratios (a/Dh=0.1803± 0.0051, 0.1227± 0.0030, and 0.0616± 0.0025). We subsequently plotted particle differential The results indicate that for the same particle blockage ratio, the range of δ for each focusing pattern is generally constant, independent of the sinusoidal channel dimension (e.g., curvature ratio). The ranges of δ for differential focusing patterns are highly dependent on particle blockage ratio. A theoretical operational map was plotted based on the linear fitting of the three particle blockage ratios, Figure 5(d) . We can observe a particle dimension threshold that particle can achieve single-position focusing and the linear extrapolation predicts that the minimum particle block ratio (a/Dh) for particle successful single-position focusing is 0.08, which is comparable with that a/Dh>0.07 in asymmetrically curvilinear channels with a square crosssection (H/W=1) 28 . The theoretical operational map of FL/FD scaling factor ~ particle blockage ratio for particle differential focusing patterns. The map is derived from the linear extrapolation of three existing particle blockage ratios.
Furthermore, we systematically tested inertial focusing of a wide range of particle sizes (a=5-20 μm) in symmetric sinusoidal channels with different channel sizes (Dh=80-161 μm, Dh/2R=0.11-0.28) and aspect ratios (H/W=0.167-0.55). We subsequently derived a universal experimental operational map of inertial differential focusing patterns based on the FL/FD scaling factor δ=(a/Dh)/[De 1/2 (Dh/2R) 3/4 ], Figure 6 . Instead of directly using the particle blockage ratio (a/Dh) as the x-axis of the map, we modified the particle blockage ratio with the channel aspect ratio, (a/Dh))×2/(1+H/W), which is equivalent of a/H. Two reasons justify this modification. First, the particle blockage ratio should not exceed 1. Therefore, the ratio of particle diameter to channel height a/H is more suitable to scale the relevant size of particle to channel cross-section in low-aspect-ratio channels (H<W). Second, we found that the channel aspect ratio H/W affects particle inertial focusing, and it should reflect in the operational map.
After the modification using the aspect ratio, we found the best linear relationship and a clear threshold of δ for particle differential focusing patterns using the modified particle blockage ratio (a/Dh)×2/(1+H/W) or (a/H).
Figure 6
The experimental operational map of FL/FD scaling factor δ =(a/Dh)/[De 1/2 (Dh/2R) 3/4 ] ~ the modified particle blockage ratio (a/Dh)×2/(1+H/W) or (a/H) for particle differential focusing patterns.
Meanwhile, a rational design guide of sinusoidal microchannels for the separation of a specific binary particle mixture is proposed based on this operational map. Figure 7 . In this way, complete separation based on differential focusing patterns of binary particles can be obtained. Based on this design scheme, we designed and fabricated a sinusoidal microchannel for separation of a specific binary particle mixture, Figure S3 . Moreover, when sorting a mixture of particles with multiple sizes (n≥3), various sinusoidal microchannels can be connected in a serial manner, and each sinusoidal microchannel sorts and purifies a specific range of particles. Figure 7 (a) The flowchart for designing symmetric sinusoidal microchannels for separation of a given binary particle mixture. (b) In order to achieve successful particle separation, two particles should focus as different patterns in the operational map. For larger particles a1, they are preferably focused at the channel centreline as a single streak (Region II), while smaller particles a2, they should focus along the two sidewalls (Region I). In this way, complete separation based on differential focusing patterns of binary particles mixture can be obtained.
Conclusion
The present paper systematically investigated particle inertial focusing phenomenon in lowaspect-ratio (<1/2) symmetric sinusoidal microchannels. We comprehensively studied the effects of medium viscosity, particle size, flow condition and geometric dimension of microchannels on the particle differential focusing patterns. We observed that particle inertial focusing is independent of fluid viscosity, but highly dependent on particle size, flow condition and channel dimension as well as channel aspect ratio. We derived a dimensionless number δ = (a/Dh)/[De 1/2 (Dh/2R) 3/4 ] based on the ratio of inertial lift force FL and Dean drag force FD. The value of δ is indicative for the particle differential focusing patterns, and it shows a high dependence on the relative dimension of particle to channel and channel aspect ratio (a/Dh)×2/(1+H/W). A parametric map of particle differential focusing patterns was summarised based on the large collection of experimental data and theoretical analysis. The operational map of δ vs (a/Dh)×2/(1+H/W) intuitively takes in account the relationships of channel curvature ratio (Dh/2R), channel aspect ratio (H/W), particle blockage ratio (a/Dh) and Dean number (De) for focusing patterns in symmetric sinusoidal microchannels. This operational map can help to predict the focusing pattern of specific microparticles as well as instruct design of sinusoidal microchannels for separation of a specific particle mixture.
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Supporting information
Materials and methods, effects of medium kinetic viscosity, and continuous separation of microparticles based on differential focusing positions are in the supporting information. Figure S1 . A colour-coded map illustrates the quantitative distribution of particles along channel lateral direction at different flow conditions. The value of the colours in the map represents the normalized frequency of particles at the specific lateral position.
Figure S2
Inertial focusing of particles within glycerol aqueous solution with glycerol volume ratios ranging from 0% to 40%.
Figure S3
Continuous separation of 10-µm and 15-µm particles based on differential focusing positions at the sinusoidal channel.
